We have developed a powerful general spectroscopic method for rapidly screening liquid milk for adulterants by combining reflective focusing wells simply fabricated in aluminum with a small, portable Raman spectrometer with a focusing fiber optic probe. Hemispherical aluminum sample wells were specially designed to optimize internal reflection and sampling volume by matching the focal length of the mirror to the depth of focus of the laser probe. The technique was tested on milk adulterated with 4 different nitrogen-rich compounds (melamine, urea, dicyandiamide, and ammonium sulfate) and sucrose. No sample preparation of the milk was needed, and the total analysis time was 4 min. Reliable sample presentation enabled average reproducibility of 8% residual standard deviation. The limit of detection interval measured from partial least squares calibrations ranged between 140 and 520 mg/L for the 4 N-rich compounds and between 7,000 and 36,000 mg/L (0.7-3.6%) for sucrose. The portability of the system and the reliability and reproducibility of this technique open opportunities for general, reagentless screening of milk for adulterants at the point of collection.
INTRODUCTION
Raman spectroscopy provides a wealth of information as a molecular vibrational analytical tool because of the rich complexity inherent in its signals. It provides a unique fingerprint of a molecule that is sensitive to both its molecular structure and composition and thus enables identification of different polymorphs and phases of the same compound in different environments. Two particular advantages of Raman over the complementary technique of infrared spectroscopy are very low water signal and generally discrete bands, which improve the sensitivity for analysis of aqueous solutions (e.g., biological fluids and milk) compared with infrared techniques. Additional employment of multivariate analysis methods allows simultaneous and sensitive quantitative analysis of multiple analytes (Cooper, 1991; Potyrailo, 2001; López-Díez and Goodacre, 2004) . Recent advances in the design and manufacture of detectors, gratings, and fiber optics has led to the production of a wide variety of portable Raman minispectrometers that are viable alternatives to laboratory benchtop spectrometers (Smith, 2000; Eckenrode et al., 2001;  iRaman Plus, B&W Tek Inc., Newark, DE; TruDefender FTX portable FTIR mini spectrometer, Thermo Scientific, http://www.ahurascientific.com/ chemical-explosives-id/products/trudefenderftx/index. php). Their portability has already enabled on-site Raman analysis of a variety of intractable samples (Kawai and Janni, 2000; Aramendia et al., 2012; Karabeber et al., 2014) . The easy incorporation of fiber optics has extended their application in industry to in-line process analysis and reaction monitoring (Cooper, 1991; Svensson et al., 1999; Mulvaney and Keating, 2000; Lewis and Edwards, 2001) and in medicine to real-time monitoring of melanomas, breast cancer, and in situ identification of residual astrocytoma cells during brain surgery (Brozek-Pluska et al., 2012; Lui et al., 2012) . Noninvasive analysis of multiple components without the need for any sample preparation is particularly advantageous in these applications.
In 2008, an international health scare occurred due to the adulteration of milk powder and infant formula with melamine. This adulteration resulted in the illness of more than 300,000 people and the deaths of 3 infants Rapid, sensitive, and reproducible screening of liquid milk for adulterants using a portable Raman spectrometer and a simple, optimized sample well (World Health Organization, 2009; Liu et al., 2012) . The addition of melamine to milk was motivated by economic gain; the N-rich triazine melamine boosts the apparent protein content of milk. Protein is conventionally measured using the Kjeldahl or Dumas analytical tests or both (Moore et al., 2010) ; these tests measure nitrogen concentration and are blind to the source of nitrogen measured. The 2008 adulteration event sparked the development of several different analytical methods to analyze melamine, and these methods have been thoroughly reviewed (Sun et al., 2010; Tittlemier, 2010; Liu et al., 2012) . The event also prompted several Fourier transform-Raman and Raman spectroscopic studies to detect melamine and other N-rich compounds such as dicyandiamide (DCD), urea, and ammonium sulfate in milk powder (Qin et al., 2010 (Qin et al., , 2012 Chao et al., 2013) . These studies achieved limits of detection (LOD) of 1,000 mg/L for the 4 compounds. In other studies, surface-enhanced Raman spectroscopy (SERS) was employed to improve the sensitivity of detection levels of melamine and lowered the LOD to a range from 1 × 10 −4 to 2 mg/L Mecker et al., 2012; Zhao et al., 2013; Zou et al., 2013; Giovannozzi et al., 2014; Guo et al., 2014; Yang et al., 2014) . However, the reliability of SERS for quantitative analysis was hampered by its low reproducibility, partly due to the stochastic nature of the "hotspots" of intense electromagnetic field between adjacent gold nanostructures (Moskovits, 2013) . In addition, these SERS methods required one or more preparation steps, such as chemical addition, centrifugation, or filtration, to remove the protein fraction from the milk sample. Another limitation of the use of these SERS analyses for melamine in milk was the low concentration range that displayed linear variation of the spectral intensity with concentration. This range averaged 0 to 50 mg/L in these studies, which is below the 90 to 4,000 mg/L levels estimated for economic adulteration with N-rich compounds (Abernethy and Higgs, 2013) .
We previously optimized the Raman spectroscopic technique to improve the sensitivity of detection in milk for the same 4 N-rich molecules (melamine, urea, DCD, ammonium sulfate) and sucrose in milk without the use of SERS. In that study, LOD minimum to maximum (LOD min to LOD max ) intervals between 100 and 600 mg/L for the 4 N-rich compounds and 7,000 to 25,000 mg/L (0.7-2.5%) for sucrose were achieved (Nieuwoudt et al., 2016) . In the present study, we optimized the sample presentation and investigated the use of a small, portable mini-Raman spectrometer with a focusing fiber optic probe for screening of liquid milk for these compounds. The Raman intensity can be increased by increasing the volume of liquid milk sampled (McCreery, 2000) , which can be achieved by optimizing the design of sampling wells for use with the Raman fiber optic probe. Increased sample volume can be obtained by maximizing the reflection of the incident laser back through the sample, using parabolic or hemispherical mirrors; collection of the scattered light would presumably also be increased by reflection from curved surfaces close to the focus point. A hemispherical mirror was selected because of its ease of preparation. Although parabolic mirrors are able to focus incoming parallel beams to a single point, they are more difficult to make. Further, the astigmatism of a hemispherical mirror for the very narrow incident laser beam from the fiber optic probe used in this study (<100 µm) would be negligible and easily accommodated by the collection optics of the probe.
MATERIALS AND METHODS

Raman Spectroscopy
The portable Raman mini-spectrometer used in this study was a B&WTek i-Raman plus (B&WTek Inc.) with a spectral resolution of 4 cm −1 , a 785-nm solid state excitation laser (300 mW), and a focusing fiber optic probe. The probe incorporated a 100-µm-diameter excitation fiber and a 200-µm-diameter collection fiber. The diameter of the probe was 10 mm and its focal length was 5.7 mm. Spectra were recorded from 1-µL liquid drops of each sample pipetted into 2 adjacent Al hemispherical wells. Four spectra were recorded for 60 s from each well and added together; longer collection times than 60 s were not possible because the detector became saturated with longer collection times. The laser power used was 180 mW; higher powers were found to saturate the detector and sometimes burned the milk, evidenced by drying and discoloration of the milk surface.
Preparation of Milk Solutions
Milk (Anchor, Fonterra Brands Ltd., Mt. Wellington, New Zealand; homogenized household milk) solutions (10 mL) were prepared of 100, 250, 500, 750, and 1,000 mg/L of each of melamine (Mel), DCD, urea, and ammonium sulfate by diluting with milk a 3,000 mg/L solution of each compound in milk. For sucrose, 10 mL of 5,000, 10,000, 15,000, 20,000, 30,000, and 40,000 mg/L solutions were prepared by diluting a 40,000 mg/L (4.0%) sucrose milk solution. The N-rich adulterant data set was composed of 60 spectra; from each of the 30 samples, duplicate spectra were recorded from the 2 adjacent wells. Ten of these samples were pure milk purchased on different days, and spectra were recorded on different days over a 7-d period. For the sucrose samples, 3 spectra were recorded from each of 9 samples, of which 3 were pure milk, yielding a total of 27 spectra.
PLS and PLS-Discriminant Analysis
Partial least squares 1 (PLS 1) calibration models were constructed using the Unscrambler X software (Camo Software AS, Oslo, Norway) and used to determine LOD ranges and root mean squared error of cross validation (RMSECV). The standard error of prediction (SEP) and ratio of predicted to standard deviation (RPD) were determined by using external validation sets. The spectra were baseline corrected by using the automatic baseline correction function of the OMNIC spectroscopic software (Thermo Fisher Scientific, Waltham, MA), which fitted a second-order polynomial with 20 iterations. The spectra were then normalized to the same height for the peak at 1,300 cm −1 (a milk protein band) and preprocessed in the Unscrambler software, with smoothing using a Savitsky-Golay derivative function with second-order polynomial with 9-point averaging, baseline leveling using a 2-point linear offset, and mean centering. The 60 N-rich milk spectra were divided into a training set of 40 spectra and a validation set of 20 spectra for the PLS calibration. For the sucrose spectra, only internal cross-validation was used for validation because of the limited number of spectra. For the PLS-discriminant analysis (DA) calibration, the sucrose spectra were included with the N-rich spectra and divided into 40 training and 40 validation spectra.
The LOD was estimated from the PLS calibration model as an interval specific for the sample concentration range, rather than a single value, and was calculated according to an IUPAC consistent approach that takes the variation of the background composition in the calibration space into account (Allegrini and Olivieri, 2014) . The LOD interval in a PLS calibration model is obtained by finding the limits of the region in the hyperplane in score space π 0, representing samples with zero analyte concentration, or sample blanks. This region is determined by h 0 , which is the distance between π 0 and the center of a normalized calibration score space. Although these sample blanks contain none of the analyte of interest, they may well contain other analytes, and the LOD interval is determined by finding the minimum and maximum values for h 0 for each calibration set. These values are then used to determine LOD min and LOD max (Allegrini and Olivieri, 2014) :
where SEN is the inverse of the Euclidean norm of the regression coefficient, var(y cal ) is the variance in calibration concentrations, var(x) is the variance in instrumental signals, and h 0min and h 0max are the maximum and minimum leverages, respectively, of the calibration training set. The value of h 0min can be obtained from 
These values can be used to decide whether the predicted concentration of an unknown sample is below or above the detection limit of the PLS calibration model. The LOD of those samples with predicted concentrations falling within the range LOD min > y i < LOD max , can be evaluated individually by approximating their real leverage, h, to the leverage h 0 , thus treating the samples as though they were blanks. The LOD obtained is then used to check whether the analyte is present or absent, depending on whether its predicted concentration is above or below the sample-specific LOD. This estimation for LOD is more robust because it considers the uncertainty in calibration concentrations and signals of other analytes in the training set in addition to the uncertainty in signal measurements. The RPD was used to determine the feasibility of the PLS calibration models for routine screening of milk for these adulterants. The RPD is calculated as the ratio of the standard deviation of the reference values used in the validation by the SEP. The RPD is a nondimensional statistic that serves as a criterion for applicability of the PLS calibrations for analysis of these compounds (Williams, 2008) over the calibration concentration range. Values of RPD between 3.1 and 4.9 classify the model as suitable for screening, values between 5.0 and 6.4 as suitable for quality control, and values between 6.5 and 8.0 as suitable for process control; values of 8.1 or greater are classified as suitable for any application (Williams, 2008) .
Design Consideration for the Aluminum Wells
Hemispherical mirrors were made by impressing stainless steel ball bearings (Abbott Ball Company, West Hartford, CT) to a depth of around 530 µm on the surface of a 8-mm-thick Al block (30 × 20 mm length by width, respectively) using a vice grip. The depth profile of the wells was measured using a Dektak XT stylus surface profilometer (Bruker Corporation, Karlsruhe, Germany), and the applied pressure was controlled by measuring the number of rotations of the vice grip handle. The appropriate ball bearing size for the wells was selected to create a hemispherical mirror with a focal length that matched the depth of focus of the laser. This approach maximized the collection of scattered light from the sample reflected from the base of the well. The depth of focus of the laser in the sample, δa, was measured as the vertical distance between 2 points on either side of the focused point where the beam intensity falls to half its maximum value (McCreery, 2000) and was determined from the laser wavelength, λ, and half the beam waist diameter, 2ω i : A laser beam focused on the surface of milk of a filled well would thus be expected to penetrate below the milk surface to a depth of around 450 µm (half of the depth of focus). Matching the focal distance of the mirror and focus point of the laser on the surface would optimize collection of the Raman scattered light reflected from the base of a hemispherical mirror, and contribute to increased reflection of incident light through the milk sample. The radius of the sphere r required to produce a focal height of 450 µm can be determined from the equation for the focal distance x of a spherical mirror (Jenkins and White, 2001 ):
The optimal diameter would be thus be 4 times the focal distance, which for x of 450 µm would be around 2 mm.
RESULTS AND DISCUSSION
An optical image of one of the wells made from a 2.38-mm ball is shown in Figure 1a . The hemispherical surface of the wells was of mirror quality. The average depth of the wells was 530 µm, and the reproducibility of the well depth was 1.0%, measured as the percentage of the relative standard deviation (%RSD) for 7 adjacent wells. The hemispherical mirrored wells were filled with 1 µL of milk (Figure 1b ), and spectra were recorded using the fiber optic probe focused on the surface of the milk (Figure 1c ). The meniscus height would be expected to be less than 530 µm and close to the required height of 450 µm.
Other wells of different sizes were prepared by using ball bearings of sizes 2, 3, and 10 mm, and milk spectra were recorded using these filled wells ( Figure  2 ). Although the spectra recorded from the wells made from 2-mm ball bearings were the most intense, it was difficult to fill these wells without introducing air bubbles. The wells made with the 2.38-mm ball bearings resulted in spectra of similar intensity and were easier to fill without air bubbles. The spectra recorded from wells made with the 3-and 10-mm ball bearings were significantly weaker (Figure 2) , which can be explained by the loss of internal reflection from the base of the well due to the increased depth of milk, above the optimum level of 450 µm. Further data were therefore collected using only the 2.38-mm wells.
The baseline corrected spectra recorded of the milk solutions adulterated with different concentrations between 50 and 3,000 mg/L for each of the 4 N-rich molecules are shown in Figure 3 ; only one spectrum per concentration is shown. Indicated in the spectra are the 2 bands due to C=N stretching modes for DCD at 2,198 and 2,160 cm −1 (Lin et al., 2015) and the strong in-plane ring breathing mode for melamine at 680 cm −1 (Koglin et al., 1996) . Also labeled are the strong N-C-N stretch mode for urea and symmetric stretch mode for SO 4 2− in ammonium sulfate at 1,008 cm −1 and 976 cm −1 , respectively (Kettle et al., 1984; Keuleers et al., 1999) , and the N-C-N stretch mode at 926 cm −1 for DCD. The use of PLS meant that any overlap of adulterant peaks, such as the 976 cm −1 band for SO 4 2− and the weak 983 cm −1 band for melamine, would not be problematic for the quantification of adulterant in the milk samples. Similarly, sample spectra recorded from each of the sucrose milk solutions between 5,000 and 40,000 mg/L (0.5-4.0%) are given in Figure 4 . The C-O stretching and C-OH bending modes give rise to , and ammonium sulfate (AmS). The spectra have been offset for clarity. Arrows indicate the strongest bands characteristic for each component. Spectra have been baseline corrected and normalized to the 1,300 cm −1 lipid ethyl deformation peak. For each adulterant, spectra are shown in order from highest to lowest concentration, matching the key. Color version available online. 7 the bands around 1,065 cm −1 ; the bands around 850 cm −1 are due to C-H and C-C stretching modes, and those around 550 cm −1 are due to C-C-O deformations (Mathlouthi and Luu, 1980) . In both figures, the spectra have been normalized to the same height for the milk lipid ethyl deformation band at 1,300 cm −1 (Sadeghi-Jorabchi et al., 1991) . Evident from the spectra is the variation in band intensity with concentration for the sucrose and the N-rich compounds. Partial least squares calibration models were constructed for each of the 4 N-rich compounds by using the 40 training set spectra, and the concentrations of the 20 validation samples were subsequently predicted.
For the sucrose calibration model, all 27 spectra were used for the training set, and the model was tested using a full leave-one-out internal cross-validation. The R 2 , RMSECV, and LOD intervals determined from the PLS calibration models for each component are given in Table 1 . The SEP values obtained for the validations are also given in the table; these were used to determine the RPD for the separate validation prediction. The RPD results for the 4 N-rich compounds (3.7-4.9) classify their calibrations as suitable for routine screening of these compounds. For sucrose, the value obtained of 9.1 would allow the PLS calibration to be used for any analytical application. The PLS regression coefficients for each component show increased values at the wavenumbers that correspond to the strongest bands in their Raman spectra ( Figure 5) .
The reproducibility of the spectra was measured in terms of %RSD, calculated from the band height from 2 different spectra for each of the 4 N-rich compounds and from 3 different spectra for each of the sucrose spectra. The overall average %RSD value for all concentrations of the N-rich compounds was 8% and for sucrose was 10%; these values are given in Table 1 .
The LOD obtained from the PLS calibrations were determined as an interval specific for the sample concentration range ( Table 1 ). The LOD max values were typically between 3 to 4 times the LOD min values. The LOD min values for these N-rich compounds compared favorably with those obtained using a more expensive laboratory Raman microprobe system (Nieuwoudt et al., 2016) , but the LOD max values were 1.5 to 2 times as much. However, the LOD interval fell well within the lower region of levels expected for adulteration with these compounds (Abernethy and Higgs, 2013) . The LOD levels for sucrose were around twice those obtained with the laboratory system but were comparable with those obtained in a near-infrared study of 1 PC = principal components; RMSECV = root mean squared error of cross validation; SEP = standard error of prediction; LOD min and LOD max = minimum and maximum limits of detection; RSD = residual standard deviation; RPD = ratio of predicted to standard error. sucrose in milk powder (Borin et al., 2006) in which the LOD values ranged between 8,600 and 25,800 mg/L (0.86-2.5%) (approximated as 3 × RMSECV).
The PLS-DA predictions for the separate validation set of 40 samples consisting of pure milk samples (open circles), milk adulterated with N-rich compounds [solid light gray (blue) circles], and milk adulterated with sucrose [solid dark gray (red) circles] are given in Figure  6 . No false negatives or false positives occurred, yielding 100% selectivity and efficiency for this classification method. However, the sucrose spectra in the validation set were only able to be classified as adulterated if sucrose spectra were also included in the training set. When sucrose spectra were added to the separate validation set without being included in the PLS-DA training set, these spectra were incorrectly classified as pure milk. Similarly, when melamine was excluded from the training set, validation spectra in the 100 to 750 mg/L concentration range were falsely classified as pure, and when urea was excluded all spectra (100-1,000 mg/L) were falsely classified as pure. These results highlight the need to include these compounds in the training set for accurate classification. Interestingly, both DCD and ammonium sulfate samples were correctly classified as adulterated even when these compounds were excluded from the training set.
CONCLUSIONS
Hemispherical Al wells were designed for use with a portable mini-Raman and a focusing fiber optic probe to record high-quality spectra of adulterated liquid milk. Spectra were recorded directly from 1-µL milk samples in the Al wells, and no sample preparation was required. The collected spectra were reproducible, with an average %RSD of 8% for the N-rich compounds and 10% for sucrose. The SEP values obtained from PLS predictions ranged from 39 to 72 mg/L for the 4 N-rich compounds (separate validation sets) and was 1,400 mg/L (0.14%) for sucrose (internal cross-validation). A PLS-DA model screened a validation set with 40 pure and adulterated milk samples with 100% selectivity and efficiency. The Al wells were easily and inexpensively made by impressing Al with stainless steel ball bearings of appropriate diameter and had excellent reproducibility (1% RSD) with respect to well depth. The reliability of this technique for screening of liquid milk without the need for sample preparation or addition of chemicals provides a significant step toward rapid, low-cost robotic screening. The portability of the system and increasing number of affordable commercially available portable Raman systems make this method viable for screening milk for adulterants at the point of collection. 
